Abstract-Voice coils have been used as actuators for needle free jet injection. This voice coils actuators have slow response which could be compensated by PI control but PI control yields a compensated system with static gains, whereas the application in needle free jet injection requires compensation with dynamic gains. This is due to variation in skin properties. This paper implements adaptive control compensation techniques for the design of controllers for voice coil actuators in the needle free jet injection. The controllers are able to compensate for variation in skin property by adequate tracking of a standard model and the PID controller compensation gain. Modelling and simulations were carried out in MATLAB/SIMULINK and results show a fast response and adequate tracking of the model response irrespective of variations in skin properties.
I. INTRODUCTION
The designs of a control system for a voice coil actuated needle free jet injection, like the design of any control system first involves the development of models. These models were used in carrying out simulation and analysis of compensation action by the controllers. The development of these mathematical models for this research, starts with the basic laws of physics and builds up from there. In cases where part of the models has been previously worked on, such parts were investigated then either modified to suit the purpose of these research work or redesigned in cases where they differ from what can be implemented in the design of voice coil based needle free jet injections [1] . Actuation is achieved primarily with the use of a voice coil linear motor which either shoots out or retracts depending on the direction of flow of current.
Drug delivery into the body through the skin is said to require a minimum pressure of 15 Mpa [2] but since the area at the orifice is small (in micro meter square) then the force required to create such enormous amount of pressure by Pascal's law is relatively small and hence achievable by the voice coil motor.
The skin majorly acts as an elastic resistive surface hence the skin model was reduce to a combination of a resistive force and an elastic spring constant. Reference
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[1] developed a model for the interaction between the injection, voice coil and the skin which was a third order transfer function. It is this function that was used in the design of the controller for this research. The requirement of the controller, if drug is to be delivered to different depth in the skin, is that the amount of resultant force is to be varied in proportion with the required depth. This design strategy fails as a minimum force threshold has to be met for the fluid to break to the tough epidermal layer of the skin which consists majorly of the stratum corneum. Hence, a pulse based design strategy time was implemented. This pulse based design maintains constant amplitude for driving the voice coil motor but the frequency of delivery and the period of availability of this force is varied so as to meet with different target layers of the skin. This pulse based design strategy also enables the controller to ensure that therapeutic drug concentration levels are maintained. This paper advances the frontiers of transdermal drug delivery by the use of needle free jet injection. As seen in Table I , current devices available in the market uses other methods of actuation like spring and compressed gas but none uses voice coil based jet injection actuation methods hence the need for the development of a reliable control system for a voice coil based system.
A. Design Strategy
The design strategy for the controller follows the flow chat as shown in Fig. 1 . In this design, two control algorithms were implemented in order to meet the requirements for needle free jet injection. As stated earlier, skin properties are not completely definite but vary from individuals to individuals, it varies across races and even geographical areas. Hence first, a PI (Proprtional Integral) controller was developed. This controller uses a proportional and integral gain to calibrate the system so as to achieve a rapid injection process.
PI control was used in this work as that provides a strong base for rapid drug delivery and perfect trajectory following. Where as a P-control alone will give a sufficiently fast response but practically, using this controller, a zero steady state error can hardly ever be achieved until when it was supplemented with the integral controller.
The controller of the system is the algorithm that regulates or controls the dynamics of the plant or process with a view to produce required performance. Adaptive control is one of the widely used control strategies to design advanced control systems for better performance and accuracy. Model Reference Adaptive Control (MRAC) is a direct adaptive strategy with some adjustable controller parameters and an adjusting mechanism to adjust them. As compared to the wellknown and simple structured fixed gain PID controllers, adaptive controllers are very effective to handle the unknown parameter variations and environmental changes. An adaptive controller consists of two loops, an outer loop or normal feedback loop and an inner loop or parameter adjustment loop. This work deals with the design of adaptive controller with MRAC scheme using MIT rule to control a second order system since the third order plant model developed in [1] was reduced to an approximate second order model. Model Reference Adaptive Control strategy is used to design the adaptive controller that works on the principle of adjusting the controller parameters so that the output of the actual plant tracks the output of a reference model having the same reference input.
Having modelled the voice coil actuator and observed its deficiencies, a controller was needed to add compensation to the actuator in such a way that its behavior meets the required response specifications. The controller used to achieve the required specification is a PI controller but this controller modelling and simulation will require a detailed and robust model of the skin, but since detailed penetrative models for the skin are yet to be developed, another approach was used. This approach involved developing an uncertain model for the skin and assuming the full parameters of the skin model are varying (based on differences in the skin location), and hence not completely known. Consequently, a model based adaptive control scheme was used in addition to the PI controller which is the hybrid algorithm to adapt the total system to the behavior of the desired response or behavior model. The PI controller enables fast tracking while the adaptive controller enables consistencies in injection profiles irrespective of slight variations in plant (voice coil, injection and skin layer location) behavior.
II. CONTROLLER DESIGN

A. Hybrid MIT Rule Based Adaptive Controller
The MIT rule is implemented by ensuring the time rate of change of controller parameter vector, θ, is proportional to negative gradient of the cost function, J. The MIT rule approach aims to minimize the squared model cost function. As the error function becomes minimal there will be perfect tracking between actual plant output (y) and reference model output (y m ). In MRAC, it is assumed that the structure of the plant is known although the parameters are not known, i.e. the number of poles and zeros are assumed to be known but there locations are not known.
For adaptive control, we ensure the controller coefficients are modified so that the behavior of the varying plant is exactly the same as that of the desired model by zeroing the error between the plant and the model. Hence we can write error, e=y -y m
The variable control parameter k can be adapted in such a way that the cost function is minimized as expressed in [4] as;
The given cost function can be minimized if we change the parameters in the direction of the negative gradient j,
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where j is the cost function, k is the controller parameter vector, e is the error between plant and model response, y is the actual plant response, y m is the reference model response, and is the adaptation gain. From the PI controller, the transfer function between the input voltage and error term is given as the sum of the proportional gain and the integral of the integral gain.
Since we have a model of the behavior of the plant [1] , and we only require the plant model information as regards the number of poles and zeros without really requiring the actual location of poles and zeros. Since it is assumed that the exact location may change with respect to change in injection location. As stated earlier, the injection, voice coil, and skin model was developed as a third order transfer function which was reduced to an approximated second order model which gives the ratio of y(s) to u(s) (output drug deposition to input voice coil signal) as:
Which when combined with the PI controller yields a closed loop injection system given by:
Hence we write the model equation as: 
By applying the MIT rule we have:
For solving (6) and (7), with respect to partial differentiation of (4), we have:
.
Solving (8) and (9) the equations for varying control parameters K p and K i can be written as:
( ) = − ′ .
B. Lyapunov Based Adaptive Controller Design
For the plant dynamics of the injection given by:
We write our model equation as: 
Writing the plant directly in the state space form so that: 
Comparing (15) and (17) we have:
And 0
According to [5] , using the notation of (18) to (20), the plant has a transfer function dynamics given as:
And the reference model transfer function is also given as:
Such that the model system is given as
From (22),
In (23), is the unknown plant vector based on skin target or target skin variations. If the desired model response is given by
Then we can choose a control law based on
By defining a new variable z(t) as in (27):
where the positive constants 2 , 1 , 0 are chosen such that the characteristic polynomial
Is a bounded input bounded output (BIBO) stable Hurwitz polynomial. Hence we derive our control law to be
where
And
The closed loop error dynamics can hence be written as:
Equation (32) can also be re-written as: 
We use the Lyapunov function candidate
where P and ℵ are symmetric positive definite constant matrices, and by the use of the Barbalat's Lemma for Lyapunov stability, the system has convergence of x and guarantees the convergence of tracking error to zero if we select the adaptation law to be:
III. RESULT AND DISCUSSION
The response of the PI control is shown in Fig. 2 , this indicates a very fast response. Fig. 3 and Fig. 4 show the adaptation of the hybrid controller. Two different skin models were used in this investigation one model response was observed in Fig. 3 and the other model response observed in Fig. 4 . In both figures, although, the adaptation time varies but it was seen that the errors between the plant response and the model response always goes to zero hence recalibrating the gains of the PI controller for faster response as shown in Fig. 2 . The rate of adaptation was also optimized by variation of adaptation gain to observe the point of fastest convergence. It was observed as shown in Figs 6 and 7 , that as the adaptation gain varied from 0.1-1, the rate of convergence increased, but when varied from 1 -10 (1,4,10), the system response tends towards instability at first but the adaptive system still cancels out the effect and by zeroing error, the system is stabilized.
A. Investigation of Effect of Adaptation Gain on
Injection System Behavior with MRAC-Control Figure 5 . Response of the hybrid algorithm to a pulsating refer ence signal
In Fig. 8 , as the adaptation gain is varied in the negative number line, the system does not converge, remains unstable and does not adapt to the model response. Figure 6 . Investigation of first set of gains (1, 2, 3) Hence between 0.1 and 3, the adaptation gain, γ, increases the tracking response of the controller but above 3, the system does not track the reference signal accurately and below 0, the system tends to be unstable. Consequently appropriate values of adaptation gain must be positive and not very large depending on the system under consideration. The higher the value of the adaptation gain the faster the rate of convergence but above a threshold value the system tracking performance reduces. 
IV. CONCLUSION
This work investigates the use of an adaptive controller for the NFJIS that will be applicable over a wide range of uses. It demonstrates the mathematical algorithms and models that will be required for the development of the device in future. These designs are applicable in any area where precision control is required which include semiautonomous vehicles [7] , lens autofocussing, drug delivery, refueling in mid-air and under sea, delivery of liquid substances in delicate areas like nuclear reactors and human-unfriendly factory zones, etc. One of the major challenges faced by the needle-free injection system is that of usability by health workers. Although this system of drug delivery has been available for decades, yet it is not yet widely used. This is due to one of its inherent disadvantages which include its difficulty to control, and requirement for training of health workers on its use. This new controller is designed to phase out such disadvantages
